1. The flux of K+ produced by electric current across the pia-arachnoid surface of the neocortex of anaesthetized rats has been studied with K+-selective electrodes in a cup at the surface and with flame photometry.
INTRODUCTION
The movement of potassium in brain tissue from one region of extracellular space to another and the uptake of potassium into cytoplasm are important factors affecting potassium concentration changes around active nerve cells (Nicholson, 1980) . This and the following paper (Gardner-Medwin & Nicholson, 1983) are concerned with mechanisms of potassium movement, in particular with the relative importance of the K+ fluxes through cells and directly through the extracellular space. This has proved a controversial issue ever since it was first considered by Kuffler and his colleagues (Kuffler & Nicholls, 1966) . The substantial contribution due to transcellular flux suggested in these papers goes against the interpretation suggested by other recent work (Lux & Neher, 1973; Fisher, Pedley & Prince, 1976; Somjen & Trachtenberg, 1979) . In a separate analysis (Gardner-Medwin, 1983 ) the relationships between several critical types of data on K+ dynamics are treated using diffusion theory and a specific model for ion transport and cytoplasmic uptake. (1956) . In brain tissue the substantial increases of extracellular K+ concentration ([K+] 0) that occur with neural activity are probably due partly to fluxes during action potentials and partly to increases of permeability produced by synaptic transmitters (see Somjen, 1979 , for review). These changes of [K+] . constitute disturbances of the brain cell microenvironment that may significantly affect the balance of interactions between neurones, even with normal physiological activity (Somjen, 1979) . If [K+] o rises to pathological levels it can result in a further regenerative release of K+, probably involving non-specific transmitter release, in a process known as 'spreading depression' (Leao, 1944; Bures, Buresovad & Krivanek, 1974; Nicholson & Kraig, 1981) . Spreading depression may be the underlying mechanism for the profound cortical dysfunction during certain migraine attacks (Milner, 1958; (Somjen, 1975) . In principle one might measure the current flow to estimate transcellular K+ flux and the extracellular diffusion parameters to estimate K+ diffusion in extracellular space and compare the two. In practice the extracellular voltage gradient can be more directly measured than the extracellular current flow. Since the extracellular resistivity is closely related to the extracellular diffusion parameters, it is possible to argue quite directly from the observed voltage gradients to the ratio of transcellular and extracellular fluxes (see Discussion). Thus the second group of experiments involves the measurement of the voltage differences developed across brain tissue with controlled changes of [K+] at the tissue surface.
In both groups of experiments the interpretation based on the simple arguments outlined above is also supported by calculations based on a numerical model involving a single class of K+ transfer cells and specific assumptions about cytoplasmic uptake of K+ (Gardner-Medwin, 1983) . Theoretical curves based on these calculations are presented here for comparison with the data. The theoretical analysis is necessary if a full assessment is to be made of the extent to which a single model can account for different types of data (Gardner-Medwin, 1983) ; however the present paper is self-contained in drawing the principal conclusions about the relative magnitude of transcellular and extracellular K+ fluxes.
Particular interest attaches to the possibility that neuroglia may be involved in the buffering of [K+] . in neural tissue (Varon & Somjen, 1979; Treherne, 1981 (1983) . Preliminary results and conclusions from this work have been published (GardnerMedwin, 1977 (GardnerMedwin, , 1980 ; Gardner-Medwin, Gibson & Willshaw, 1979) .
METHODS
Animals. were anaesthetized with urethane i.P. (5-7 ml./kg: 25% w/v in 0-9 % NaCI). Rectal temperature was maintained at 35-38 TC by heat from above and below. The trachea was cannulated and the head was held in a frame, with precautions to ensure electrical isolation from earth. One of three regions of brain tissue was exposed: the pia-arachnoid surface of the parietal neocortex (through a 6 mm diameter opening in the left parietal bone, extending to within 12-2 355 A. R. GARDNER-MED WIN 1 mm ofthe mid line), the pia-arachnoid surface ofthe cerebellum (through a 4 mm diameter mid-line opening in occipital bone, with the head tilted forward), or the dorsal ventricular surface of the left hippocampus with parietal neocortex and corpus callosum partially removed by suction (Bliss & Gardner-Medwin, 1973) . In each case the final exposure (i.e. removal of the dura or of the tissue overlying the lateral ventricle) was performed carefully under warmed saline and was immediately followed by positioning of a Perspex or glass cup (described below) on the brain surface. The cup was filled with saline, and adjustments were made until the fluid would not run out. Fig. 1 . The Perspex cup and associated equipment positioned on the pia-arachnoid surface of the rat neocortex. The transistor (FET 2N3819) and variable resistor (100 kQ) permit a constant current to be set, which is unaffected by electrode polarization.
of the cup after several hours a circular dimpling was usually evident at the rim of the cup, but the blood vessels both then and during an experiment looked normal over the whole area. Preparations were rejected if bleeding was seen within the cup. In some experiments on the neocortex, electrode penetrations were made with 3 M-NaCI-filled micropipettes, but to ensure that the cortex was undamaged these were never made before a period of flux measurements.
Apparatu8 for K+ flux measurement during current passage. absorbing the fluid with cotton wool and weighing it). A 50 mm length of Ag wire (0-3 mm diameter) was formed into a coil within the cup and sealed through its wall with acrylic cement; it was then heavily chlorided by passage of 0-5 mA for an hour in a solution of NaCl. A draught shield was attached to, the cup to reduce evaporation. The fluid was stirred constantly with a rotating nylon paddle (1 mm across, ca. 500 rev/min).
In some experiments an extra mixing device was used to displace stagnant fluid at the bottom of the cup near the brain surface. This consisted of a glass tube into which 20 1ll. fluid was alternately sucked and expelled. The tube was made from 2 mm electrode glass, tapering to a 0-5 mm nozzle near the brain surface. The cycle of fluid movement (once per 1-5 sec) was produced by connecting the tube simultaneously to the inlet and exhaust ports of a Palmer respiration pump, with a pipe connecting the other two ports together. This gave a slow intake of fluid with a rapid expulsion. During experiments in which electrical measurements were made in the cup the animal was earthed solely through a chlorided Ag wire dipped in the cup. Currents, controlled with a field-effect transistor (2N3819) and potentiometer ( Fig. 1) (Band, Kratochvil & Treasure, 1977) . The membrane was moulded on the outside surface ofa porous ceramic plug inserted in a length of PVC tube (Fig. 1) (Gardner-Medwin, 1983 (Bradbury & Davson, 1965 The data in Fig. 3 (Fig. 3) shows the results that would correspond to a transport number of 0-012, as expected for current flowing in the brain extracellular fluid (see Discussion). For all values of current in each direction the transport number was greater than this figure. The mean transport number for current out of the brain (negative) was 0-061 (+0-012 S.D., n = 28) and for current into the brain (positive) it was 0-039 (±0-013 S.D., n = 18). The continuous and broken lines in Fig. 3 show results that are calculated as described under Methods for a model with both extracellular and transcellular flux through a network of transfer cells (GardnerMedwin, 1983 
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/ -80 -160 * o9 (8) Charge passed (mC) An alternative means of calculating the K+ transport number was to measure the rate of change of [K+] in the cup once this had reached a steady level after current onset (Fig. 2) . The base-line drift was subtracted and the gradient was compared with the current in the same manner as above. These results lay within the same range as those from the total K+ movement and the total charge passed. This agreement corresponds to the fact that approximately the same amount of K+ continued to move after the cessation of current as had seemingly failed to move early on during current passage.
Flux produced with 8quare-wave alternating currents
In some experiments the direction of current flow was reversed 10 times per second, with the current set to 04 mA. The average d.c. current could be adjusted and measured (see Methods). This provided a means of stimulating the tissue without any 361 A. R. GARDNER-MEDWIN net passage of current. As with steady currents, the alternating current was turned off for periods of5 sec every 50 sec for measurements during the period of stimulation. In experiments on five animals the alternating regime was employed with a zero mean current: in no case was there any detectable change of [K+] in the cup attributable to the stimulation over a period of 400 sec (Fig. 2) . In two animals the mean current was set to non-zero values. Mean currents of 100-125 ,sA from brain to cup were employed and produced changes with the same time course and magnitude as the effects of steady currents of the same size. Thus it is the total charge passed through the tissue that accounts for the results, irrespective of whether the experimental procedure involves large intermittent currents. Curves: results expected from calculations using the simple tissue model (see Fig. 3 and Methods).
The time course of K+ flux associated with prolonged current flow
As is evident in Fig. 2 , the K+ concentration in the cup did not start to change immediately at a steady rate when the current was switched on or off. One component of this lag might be due to inadequate stirring of the cup contents. All the data were obtained using a rotating stirrer in the cup (Fig. 1, see Methods). Since no flux lag was evident in experiments with agar blocks in place of brain tissue (see below) it was originally thought that this stirring must be adequate. This conclusion was wrong, however, since tests with small amounts of dye ejected from a micropipette revealed regions near the brain surface where the dye took several tens of seconds to disperse. Since more K+ is carried through brain tissue than is carried by current through the cup saline, substantial gradients of concentration might be expected to develop near the surface. These would be absent with an agar block, where the K+ build up would occur initially close to the cathode in the cup before it was dispersed through stirring action. In order to measure the time course of the K+ flux more accurately it was necessary to displace the stagnant fluid layer at the brain surface.
This was done with a device that sucked up fluid and expelled it in a stream across the brain surface (see Methods), in addition to the normal stirring. Tests showed that dye ejected at sites close to the majority of the brain surface (except the very edge of the cup) was dispersed within 5 sec. Fig. 4 Fig. 4 ). The total eventual increase in [K+] in the cup was not affected significantly by the improved mixing and was equivalent in these experiments to a K+ transport number 0-064 (+0-013 S.D., n = 8).
Flame photometer data
Measurements of [K+] with flame photometry were used in two ways. In preliminary experiments flame photometry was the only technique used to measure the change in [K+] when currents up to 1 mA were passed for various times (60-1200 see). The changes in [K+] seen when the cup was stirred for an equal length of time without passage of current were subtracted. The samples were taken within 15 sec after cessation of current and will thus have underestimated the total K+ movement somewhat because of the lag of the K+ flux described in the previous section. The cup fluid was mixed by stirring only in these experiments. For outward (negative) current the average K+ transport number from these measurements was 0-059 (±+0035 S.D., n = 8), close to the value (0-061) from electrode measurements. With positive currents the flame photometer data gave 0-023 (+0-009 S.D., n = 6), significantly less (P > 95 % ) than the electrode measurements. In view ofthe non-linear relation between current and flux revealed with the electrode measurements (Fig. 3 ) the low transport number for inward current in these experiments was probably due to the high currents employed, averaging 0-72 mA compared with a maximum of 0 4 mA for the experiments with electrode measurements. With both current directions the transport numbers measured with the flame photometer were significantly higher than the value (0-012) expected for extracellular transport (P > 98 %, 95% for negative and positive currents respectively).
In two experiments flame photometry was used to analyse the cup fluid after continuous monitoring of (Fig. 5) . The steepest gradient, close to the tissue surface, was 13-1 mV mm-' (±i 2-2 mV mm-' S.D., n = 4). Similar gradients were observed near the edge of the cup (Fig. 5) . When the animal was killed the voltage gradients increased markedly, by as much as 2-5 times (Fig. 5, dashed line) . This increase has previously been seen and studied by Van Harreveld &r Ochs (1956 Ranck (1963) ).
Measurements using blocks of agar jelly
In two experiments measurements of K+ transport number were made on blocks of agar jelly (1 % agar by weight) made with each of the standard saline solutions (3 mM-KCl+ 150 mM-NaCl, with and without Ca2+ and buffers: see Methods). Currents of 0 4 mA were passed in each direction for 400 sec at room temperature (20) (21) (22) Conway, 1952 ).
Potential differences induced by superfusion with altered [K+]
The K+ concentration within saline flowing in a cup over the surface of the brain was altered rapidly, within less than 4 sec (see Methods) and observations were made of the size and the time course of the potential difference that developed between the fluid with altered composition in the cup and a pool with unaltered composition outside. Typical results are shown in Fig. 6A -C for three areas of the rat brain (neocortex, cerebellum and hippocampus). With an increase in [K+] from 3 to 12 mM a potential difference of 1-5-2-5 mV (cup negative) developed, rising fast initially and then more slowly to its full level after 2-3 min. Similar experiments were carried out with cups positioned on the surface of the isolated brain of the frog Rana temporaria, maintained in vitro (Gardner-Medwin et al. 1979) . The potential changes in this preparation were similar in amplitude but substantially faster (Fig. 6D) .
In the experiments on rats there were no statistically significant differences between records from different brain areas nor between cups with diameters 2-1 and 3-2 mm. A cup with 1-03 mm diameter, tested on the neocortex, gave approximately 30 % smaller responses. The records from the three areas, with the two larger cup sizes, were pooled and averaged (Fig. 6E ) for changes in [K+] from 3 to 12, 6 and 0 mm. The times for rise to half maximum for the averaged responses were approximately 20 sec (12 mM), 11 sec (6 mM) and 25 sec (0 mM). Curves in Fig. 6E 
DISCUSSION
The transport number for K+ in brain tissue The estimated potassium transfer across the surface of the neocortex during current flow corresponds to a K+ transport number ca. 0-06 for outward current densities up to about 20 ,sA mm-2 and for inward current densities up to about 10 PsA mm-2. This figure, based on the changes of [K+] in a surface cup, may be expected to underestimate the K+ transport number within the bulk of the brain tissue for two reasons. First, it is shown in a separate paper (Gardner-Medwin & Nicholson, 1983) that outward current across the brain surface produces a build-up of K+ (measured with ion-selective micro-electrodes) in the layers of tissue close to the surface. Conversely, inward current produces K+ depletion. Therefore in both cases the K+ flux across the tissue surface must be less than that deeper in the tissue to account for the superficial changes in tissue K+ content. The data suggest that about 15 % of the deep K+ flux was not exchanged with the cup (Gardner-Medwin & Nicholson, 1983) and the transport number in the bulk of the brain tissue would therefore be underestimated by this amount. Secondly, the estimation of the transport number ignores possible changes in the volume of cup fluid due to current-induced water movement. Water movement was not measured, though it probably led to small underestimates of the K+ flux (see below). A change in fluid 367 A. R. GARDNER-MEDWIN volume more than ca. 5 % is unlikely, since it would have produced a conspicuous (0 3 mm) change in fluid level.
Some water movement in the direction of current flow can be expected, due to the following two factors.
(i) Electro-osmosis due to fixed negative charges lining the aqueous clefts of the tissue. The amount ofelectro-osmotic flow is uncertain in many ofthe membranes and epithelia where attempts have been made to study it (House, 1974) . A flux of40 molecules/electronic charge (75 , ul./Coulomb) represents a high electro-osmotic efficiency and would have led to a change of fluid volume in the cup no greater than 0'6 % in any of the present experiments.
(ii) Water flux due to changes in the osmotic contents of the cup. The reaction occurring at the Ag/AgCl electrode used for passing current is as follows: e+ AgCl .Ag+Cl-.
With outward current (cup electrode negative), Cl-ions are released from the electrode while electroneutrality is maintained partly by a loss of C1-to the tissue (ca. 60 %) and partly by a gain of Na+ and K+ (ca. 40 %). With outward current of 400 ,uA for 400 see the osmotic contents of the cup will have increased by ca. 3-3 %. If enough water were to accompany this osmotic gain to maintain the cup contents at normal osmolarity the fluid volume would have increased correspondingly, by 3-3 %. The inferred K+ flux, which accounted for a 25% increase of [K+] in these circumstances, would have been underestimated by about 15%. However, calculations based on unrestricted diffusion of water and solutes through the tissue, employing solutions of the diffusion equations for a steadily increasing osmolarity at the surface (Carslaw & Jaeger, 1959: eqn. 2-5 (5)) suggest that equilibration would have been very far from complete after 400 see and that the underestimate from this cause would have been less than 0-1 %.
The expected transport number for K+ in extracellular space of brain tissue
The extracellular contribution to the K+ flux induced by current flow through the tissue will be determined by the proportion of the current flowing in the extracellular space and by the extracellular transport number for K+ (tK). The transport number depends on the concentrations (ci), mobilities (u1) and moduli of the charge numbers (1zil) for all the ions in solution (MacInnes, 1961) according to the following equation:
In order to calculate tK for the extracellular space we need to consider both the composition and the relative mobility of ions within this space. Small molecules and ions diffuse relatively freely between cerebrospinal fluid and the extracellular space in mammalian brain (Davson, 1970) . Nevertheless, only small changes in composition occur when cerebrospinal fluid flows over the brain surface.
From this it has been inferred (see Davson, 1970) that the extracellular fluid is approximately in equilibrium, at least in respect of the principal ions (Na+, Cl-and K+), with cerebrospinal fluid. This conclusion is supported by the fact that ion-selective electrodes register little or no difference ofelectrochemical potential between external fluid and extracellular sites under normal resting conditions (Nicholson, 1980) . Equilibrium between extracellular and external fluid does not necessarily imply equality of ionic concentrations or activities in the two fluids. A Donnan equilibrium could exist between the two compartments resulting, for example, from the existence of fixed negative charges on molecules within the extracellular clefts. Evidence for such a Donnan equilibrium has been cited by Treherne & Schofield (1981) (Nicholson & Phillips, 1981) . The fact that micro-electrodes in extracellular sites do not register the postulated Donnan potential of -15 mV is probably less good evidence against the existence of a Donnan equilibrium, since this negative result might be due simply to the disruption of a charged matrix in the neighbourhood of the electrode tip.
The diffusion of molecules within the extracellular space appears to be relatively free and little affected by either molecular size (Patlak & Fenstermacher, 1975) or charge (Nicholson & Phillips, 1981) . The diffusivity is approximately 0 4-0 5 times that in free aqueous solution, corresponding to a tortuosity factor (A) for the extracellular clefts of 14-1-6. This suggests that the relative mobility of different ions in extracellular space is likely to be the same as in free aqueous solution. Relative mobilities are little affected by temperature (Conway, 1952) and tables given by Conway for 25 0C are used here.
The cation concentrations in rat cerebrospinal fluid were measured by Manthei, Wright & Kenny (1973) : Na+ 152, K+ 3.4, Ca2+ 2-2, Mg2+ 1-8 mm. Assuming Cl-to be the principal anion, this gives a transport number of 0-012. This is close to the value (0-01 1) calculated for human cerebrospinal fluid from an analysis given by Bradbury (1979) and to values for the saline solutions used in these experiments (0-01 14-00132 for [K+] = 3-0-35 mM). If, as discussed above, the extracellular composition is the same as for cerebrospinal fluid, then the expected K+ transport number in extracellular space is ca. 0-012. If one were to assume a Donnan equilibrium with fixed negative charges giving the parameters inferred for the cockroach nervous system (Treherne & Schofield, 1981: see above) , the K+ transport number would be 0-020, or 66 % higher than that in cerebrospinal fluid. The figure of 0-012 is used in these papers as the basis for comparison with the data and Donnan effects are assumed to be negligible.
The expected extracellular transport number would be altered if the conditions of an experiment affect significantly the extracellular composition. Thus the high K+ transport numbers observed in these experiments (up to ca. 5 times the value for cerebrospinal fluid) might be explained on the basis of extracellular K+ transport alone if the experimental conditions led to substantial increases of [K+] . to approximately 15 mm. If this were the case, then the smaller currents used for some of the measurements, which would presumably cause less disturbance than larger currents, should have yielded smaller transport numbers. No such effect was observed 369 A. R. GARDNER-MEDWIN (Fig. 3) (Somjen, 1979; Gibson, 1980) Nicholson, 1983) indicate that the flux is actually lower at the surface, as can be explained if the transcellular flux occurs through a network of cells with an electrical space constant ca. 0-2 mm. This depth dependence of the transcellular flux provides a satisfactory explanation for the time course of the observed surface flux (Fig. 4) Heinemann, Lux, Marciani & Hofmeier, 1979; Somjen, 1981 for reviews). The potential changes are larger than could be expected from diffusion potentials due to the different mobilities of K+ and Na+ in aqueous solution and it has been argued that they are due primarily to currents associated with K+ flux through glial cells. The potential shifts observed in the present experiments, averaging 2-0 mV at 2 min after a change from 3 to 12 mm in the superfusing fluid (Fig. 6E ) are comparable with those reported in earlier studies with superfusion by Zuckermann & Glaser (1970: 15--20 mV for changes to 9-18 mM) and by Heinemann & Lux (1977: (Gardner-Medwin, 1980) . We can use the Einstein relation between diffusion and mobility coefficients (Bockris & Reddy, 1970) , and the standard electrochemical equations relating mobility and conductance, to show that this expression (A21/(ocDF)) is equal to CB(nB RT/F)-1 time I/ao, where CB and nB are the extracellular K+ concentration and the K+ transport number in extracellular space under base-line conditions. The ratio of extracellular voltage gradient to [K+] . gradient is therefore nB(RT/F)/cB (i.e. ca. 0 10 mV mM-') for equal transcellular and extracellular diffusion fluxes and it would be proportionately larger for a greater ratio of the two fluxes. The observed shifts of surface potential 2 min after superfusion with small changes of [K+] were ca. 0-3 mV mM-' (Fig. 6E) , suggesting a ratio transcellular: extracellular flux of 3: 1. Since this is based on the surface displacements of voltage and concentration rather than on the gradients through the tissue, it represents a weighted average of the ratio at all the depths where there is a gradient. The transcellular flux during superfusion can be expected to vary from zero at the surface (where the cells terminate) to a maximum deep within the tissue; hence the ratio of transcellular to extracellular flux within the bulk of the tissue must be greater than 3: 1. The slow development of the surface potential change can be seen, on this 371 A. R. GARDNER-MEDWIN argument, to be due to the fact that initially the gradients are restricted to the surface, where transport is principally by diffusion.
A more complete theoretical analysis based on a model of the situation with combined extracellular and transcellular K+ flux (Gardner-Medwin, 1983) allows both the size and the time course of the potential shifts to be predicted. The data for increases of [K+] O in fluid superfused over the surface of the rat brain (Fig. 6E) is fitted, within ca. 15%, using parameters fi = 5, A = 0X2 mm in the model. This corresponds to a ratio transcellular: extracellular flux of 5: 1 for the low spatial frequency components of K+ flux (Gardner-Medwin, 1983) . The electrotonic space constant for the cells involved in transfer in the model, which affects the time course of the potential shifts, is 0-2 mm. These parameters are the same as those that fit the data for flux measurements (see above) and [K+] . measurements (Gardner-Medwin & Nicholson, 1983 ) during current passage.
When superfusion was with K+-free solutions (Fig. 6E ) the potential shifts were ca. 50% smaller than predicted. This discrepancy may be due to efflux of cytoplasmic K+ caused by reduced Na-K pumping at low [K+] . levels (Gardner-Medwin, 1983) (Cordingley & Somjen, 1978) . Since the analysis of the relation between extracellular voltage and concentration gradients given above should apply also to these results they suggest ratios of transcellular to extracellular flux of 18: 1 and 22: 1, compared to the ratio 5: 1 indicated in the present studies on rat brain. It is only possible at present to make suggestions to account for these differences: a difference between species, a possible underestimate of the [K+] .
changes measured with micro-electrodes, changes of extracellular space fraction, or an effect of other substances released with neuronal activation. The data are nevertheless clearly consistent with a predominantly transcellular K+ flux contributing to K+ dispersal.
The circumstances in which the potentially dominant transcellular route for K+ movement is likely to be important for neuronal fuction are discussed elsewhere b, 1983 
